The dielectric electro-active polymer (DEAP) is a new type of the flexible smart material, which performance is similar to natural muscle. The DEAP has characteristics of light weight, high energy density and big deformation and so on, so it has a wide range of applications for the actuator field of bionic robots. However, the DEAP material generally has strong hysteresis as well as the nonlinearity and uncertainty. In view of this limitation, an adaptive fuzzy sliding mode control algorithm based on a DEAP flexible actuator is proposed. Firstly, an inverse compensation operator of a Prandtl-Ishlinskii model is applied to mitigate the hysteresis effect. Then, a robust adaptive fuzzy sliding mode controller is designed by a combination of sliding mode control and a fuzzy logic system. Theoretical analysis and simulation results show that the control strategy has not only high tracking accuracy and fast response speed in the case of parameter variations and external disturbances, but also a good robustness and dynamic performance.
INTRODUCTION
The driving control is one of the most important core technologies in the field of bionic robots, so it has important theoretical significance and broad application prospects to carry out theory and research methods of intelligent control for driving mechanism of bionic robots. Nowadays, the driving technologies, such as pneumatic actuators, motors and piezoelectric actuators, have been widely used in electromechanical systems. But it is difficult to achieve the desired level because of their large bulk, heavy mass, low energy conversion efficiency and poor flexibility. Therefore, more and more researchers focus their efforts to research smart materials, such as electro-active polymer (EAP), shape memory alloy (SMA) and so on, which have been greatly developed. In recent years, the electro-active polymer (EAP) as a new smart driving material is called artificial muscle because its performance is close to the muscle. Compared with the non-EAP material, such as shape memory alloys and piezoelectric ceramics, EAP smart materials have the advantages of light weight, high energy density, high energy conversion efficiency, fast response and so on (Benslimane et al., 2010; Zhang, et al., 2010) , therefore, at home and abroad, they have been widely used and researched. Many actuators are based on the EAP smart material, especially in the field of bionic robots Zhu and Wang, 2013; Truong et al., 2012; . In this paper, we adopt a special kind of the dielectric electroactive polymer (DEAP) material, which is produced by Danfoss Polymer A/S. It is a new electronic EAP material, the strain limitation of which is 30% under the high voltage, and the driving force of which can reach about 10 Newton. The DEAP material has the feature of flexibility, therefore, the DEAP bionic actuator has the advantages of high flexibility and no noise. The hysteresis characteristic widely appears in the DEAP material, and other smart materials also have hysteresis characteristic, such as SMA and piezoelectric ceramic. The phenomenon of hysteresis in the EAP actuator system will seriously affect the tracking accuracy of the system. If the performance of the controller is poor, the phenomenon of hysteresis will result in system instability and self-sustained oscillation (Main and Garcia, 1997; Tao and Kokotovic, 1995) . Generally, the push actuator based on the DEAP smart material can be simplified as a class of linear displacement actuators which usually is expressed by the cascade of a hysteresis operator and a second-order linear system in series (Tan et al., 2005; Chen and Hisayama, 2008; Motamedi, Vossoughi et al., 2010; Edardar et al., 2012; Riccardi et al., 2012; Yang, et al., 2012) . The diagram is shown as Fig. 1 . For the servo control problem of the smart material actuator system, firstly, a hysteresis model is established for the actuator system, and then an appropriate hysteresis model is selected. Domestic and foreign scholars have mainly adopted several hysteresis models, such as Preisach model, Prandtl-Ishlinskii (PI) model and Bouc-Wen model. Preisach model is expressed as the weighted sum of hysteresis operators, which can properly describe the nonlinearity of the hysteresis effect. For example, reference (Truong et al., 2013) established the hysteresis model of the DEAP actuator by combining Preisach model and fuzzy theory. BoucWen model uses a differential equation to express the hysteresis loops, which is easy to be realized. For example, reference (Sofla, Rezaei and Zareinejad, et al., 2010) used Bouc-Wen model to express the nonlinearity of hysteresis of the DEAP actuator, and adopted the Particle Swarm Optimization (PSO) to identify parameters. Prandtl-Ishlinskii model consists of the weighted sum of play operators, and has the analytical inverse model, which can easily implement the control of inverse feed-forward compensation, so as to weaken or even eliminate the hysteresis effect. Inverse model of the PI model can be not only inversely analyzed but also linearly parameterized. Theoretically, the hysteresis effect can be completely cancelled, therefore, the PI model is widely used to express the hysteresis of the actuator driven by the smart material, and has been widely researched and applied. Based on the improved play operator, reference (Janaideh, Rakheja and Su, 2011) researched a class of the asymmetric Prandtl-Ishlinskii model, which was applied to describe the actual actuator driven by the smart material. Generally, the hysteresis model of the system will be inversely compensated and approximate a linear system, and then its control algorithms are studied for such a system. Reference (Chen, Tan and Shahinpoor, 2005) used an ionic polymer IPMC actuator and combined with the adaptive sliding mode control method to position the required target, and the experiment proved the accuracy of quasi-static position of the IPMC actuator. In view of the hysteresis, uncertainty and nonlinearity of the DEAP smart material, reference (Truong, Nam and Ahn, 2013 ) combined the Preisach model and the dynamic NARX fuzzy structure, and used the adaptive Particle Swarm Optimization (APSO) algorithm for modeling and identification of the nonlinear behavior of one typical type of the DEAP actuator, but the control of the DEAP actuator did not be studied. Reference (Iyer and Tan, 2009; Qin et al., 2013) adopted reverse compensation to weaken the hysteresis of the system. Reference Khalil, 2013, 2014) approached servo compensation to eliminate the hysteresis effect of the system, and the reference (Esbrook, Tan and Khalil, 2014) presented sufficient conditions of linear matrix inequality (LMI) for the regulation of the closed-loop system in terms of the hysteresis parameters and applied to servo compensator-based controllers without requiring inversion of the hysteresis. Reference (Zheng, Wang and Li, 2014) addressed the adaptive sliding mode control strategy of the PI hysteresis linear actuator, which was based on the smart material DEAP, and the control strategy can guarantee the stability of the system, but the accuracy of the parameter estimation can't be guaranteed. Reference (Zheng, Wang and Li, 2015) presented the indirect adaptive compensation control strategy of P-I hysteresis uncertain system, and the control strategy can not only ensure the accuracy of the parameter estimation, but also ensure the stability of the system and the good tracking precision. However, the disadvantage of the reference Li, 2014, 2015) was that their control strategies did not respond to the parameter variations and external disturbances. Reference (Su, 2012) proposed the adaptive fuzzy sliding balance control (AFSMBC) for the two-wheeled robot which combined the fuzzy control and sliding mode control, and the chattering phenomenon and the sensitivity of uncertainty can be well alleviated, and also had good robustness. In this paper, it is assumed that the hysteresis is modeled by a Prandtl-Ishlinskii (PI) operator, which has become a popular model for smart material hysteresis (Croft, Shed and Devasia, 2001) .Firstly, an inverse compensation operator of a Prandtl-Ishlinskii model is used to alleviate the hysteresis effect. Then, considering the uncertainty of the hysteresis model, the controller will not be achieved, and the tracking precision and robust performance of a DEAP actuator will be poor in the case of parameter variations and external disturbances. In order to solve these problems, we design a fuzzy logic system to approximate the controller and discuss the tracking precision and robust performance of the system with hysteresis using an adaptive fuzzy sliding mode controller. Experimental results show the control method is effective.
H G(s)
The rest of the chapter is arranged as follows: Section 2 introduces the electric driven principles of the DEAP smart material, the experiment platform and the dynamic model of the DEAP actuator. Section 3 introduces the establishment of the PI hysteresis model and then an integrator is cascaded with the compensated system to eliminate the hysteresis operator through inverse compensation. In Section 4, firstly a sliding mode controller is designed for the DEAP actuator. Then, in view of the uncertainty of the PI hysteresis operator, a fuzzy logic system is applied to approximate the equivalent controller. Finally a direct adaptive fuzzy sliding mode controller is designed. The simulation results, the control performances of adaptive fuzzy sliding mode control strategy in the DEAP actuator system, are provided in Section 5. The final conclusion is shown in Section 6.
DEAP ACTUATOR
In this paper, the push actuator is produced by the DEAP material, which is a class of the smart material and produced by Danfoss Polymer A/S with a better performance. The DEAP smart material is a kind of thinfilm polymer, which is composed of silicone resin and the surface silver layer. The silver layer is an undulating shape, as shown in Fig. 2 . The amplitude and wavelength of the wave is 5μm and 10μm, respectively. The film thickness is 80μm, and the thickness of the silver layer is 100nm . The DEAP is a kind of lightweight flexible material, which will produce strain in the surrounding when two ends of the silver layer electrode have a certain electric potential difference. The direction of the wave is mainly the elongated direction of the film, and the elongation rate of vertical direction is relatively small, which can be neglected . The DEAP actuator can produce a relatively greater driving force than the other EAP actuators, which is generally up to about 10N force, as shown in Figure 2 . The experimental platform can be shown as Figure 3 . Because the DEAP is a smart flexible material, it is necessary to provide a certain pretension.The DEAP actuator is vertically hung in order to use the own gravity of actuator clip to produce the pretension. The sensor LVDT of measuring actuator displacement and the highvoltage power S15-3P of supplying driving force are connected with the DEAP actuator. The data acquisition card PCI-1710 can realize data interaction between MATLAB and the DEAP actuator, and achieve input and output of data through analog in and analog out module of MATLAB Simulink. Using the analog in module transmits the displacement signal acquired from LVDT to the MATLAB Simulink. Using the analog out module transmits the control signal to the high-voltage power to drive the DEAP actuator. This paper assumes that the DEAP actuator system is represented by the following dynamic system (Zheng, Wang and Li, 2014) :
In practice, because of the external disturbances, we can use 1 d to replace them. 1 a and 2 a are the uncertain parameters. The (t) and respectively denote the input voltage and the output displacement of the system. Using [ ]( ) represents the hysteresis characteristic of the DEAP material. The control objective is to make the system output track reference input ( ), and obtain good tracking performance. For reference input ( ) ∈ 3 , its third-order differential exists and is bounded.
3.PRANDTL-ISHLINSKII MODEL
In this paper, the PI model is provided by the reference (Krejci and Kuhnen, 2001 ) and composed by the weighted sum of play operator (Fig.4) 
Where > 0 is a critical value and 0 is the original value of the play operator. The t and , 0 respectively express the input and output of the play operator. It is proved that the original value does not affect the hysteresis loop shape. Without loss of generality, we assume 0 = 0 and define ≔ , 0 .
Figure 4. Play hysteresis operator
The PI model is composed by the weighted sum of play operator, and is defined as follows:
The PI operator is strictly monotonically increasing and Lipschitz continuous (Krejci and Kuhnen, 2008; Kuhnen, 2003) . A simulation example of Eq. (3) The reference (Krejci and Kuhnen, 2001) proved that the PI operator can be inversely analyzed when q > 0, and the inverse operator has the same form with PI operator. The inverse PI operator is defined as follows: 
In this paper, let * = * − ( * ). We can define the PI operator of the control system and use [ ]( ) to replace it. In the ideal case ≡ , so there exists = ( ).
Through Eq. (6), we can infer that the ∆ approach to 0 when the error of estimation approaches to 0. From the reference (Zheng, Wang and Li, 2014) , we can obtain the estimation of the upper limit of ∆:
The right of equality (7) is a constant, let d denote it. From the reference (Zheng, Wang and Li, 2014) , we assume 32 xx   and define ( ) ∶= ( ). The DEAP actuator system Eq. (1) can be rewritten as follows:
The system adds a hysteresis compensation, and then an integrator is cascaded with the input of the compensated system (Zheng, Wang and Li, 2014) . The PI hysteresis operator can be eliminated, which can be 
We assume the sliding mode surface is designed as follows: 
Adopting the exponential reaching law, the switching function is:
The total controller is:
If the uncertain quantity Δ of the PI operator does not be considered, the stability of the closed-loop system is given by Theorem 1. Theorem 1 According to equation (10), the sliding surface is designed. If the equivalent controller (12) can be achieved, the controller (14) ensures that the tracking error of dynamic system will be global and uniform convergence. Fig. 7 . 
Proof. Define the first
, so the fuzzy system output is obtained
 is the fuzzy rules vector with the input vector , = [ 1 2 … ] is the control outputs vector of the fuzzy logic system. Where and are the fixed constants. The fuzzy system output ad u is a linear function of the free parameters
Let , * = * ( ) is the optimal approximation of the equivalent controller . Based on the universal approximation theorem (Wang, 1993; Castro, 1995) , there must be a positive constant 0 .
The optimal approximation parameters η are defined in the fuzzy system as follows:
Where is the optimal approximation error.
Based on the above fuzzy logic systems, the adaptive fuzzy sliding mode control law is formulated as
The corresponding differences between the optimal and estimated parameters are defined
, then the parameter adaptation laws for the fuzzy systems are chosen as
Where  is a positive constant.
The stability analysis is summarized in theorem 2. Theorem 2. Taking into account the existence of parameter variations and external disturbances of the actual dynamic model as Eq. (8), the sliding surface is designed as Eq. (10). If the adaptive fuzzy sliding control law is designed as Eq. (22) and Eq. (23), then the global uniform convergence of the tracking error can be guaranteed in the uncertain system. Proof. Using (17) and (18) obtain that
The derivative of Eq. (25) can be represented as
Then the parameter adaptation laws for the fuzzy systems are chosen as
Substituting Eq. (27) into Eq. (26), we obtain
Next we analyze the stability of system (5) and with a controller (22) and an adaptive law (27).Integrating both sides of (28), we obtain 2 0 0 0
So we have
Where V (0) is the initial value of V. Therefore, there exists . Reference (Slotine and Coetsee, 1986) proved that if   . So the fuzzy control system is asymptotically stable.
SIMULATION RESULTS
In this section, numerical simulations are carried out via the MATLAB software and the total running time is 10s, and performed to illustrate the effectiveness of our proposed control laws given by Eq. (22) and the adaptive law Eq. (23).
Let the input fuzzy variable x be fuzzily partitioned into five fuzzy sets, Negative Medium (NM), Negative Small (NS), Zero (Z), Positive Small (PS) and Positive Medium (PM). For and ( ) , the Gaussian membership function of fuzzy sets can be defined as
Then:
The simulation parameters are taken from the reference (Zheng, Wang and Li, 2014) , the simulation time is 10s. Let us consider the following system with the form Eq. 
xt x + w t t w t = H u t y t = x
Where the uncertain parameters 1 1000*0. Fig. 8 and Fig. 9 . The Fig. 8 shows the simulation curves of the sinusoidal reference signal of the DEAP actuator system. The Fig. 9 shows the simulation curves of the square wave signal of the DEAP actuator system.  and the external disturbances 1 d are larger, the acceptable stabilizing and tracking performances of the AFSMC system can be obtained in the presence of the parameter variations and external disturbances. In Fig. 8 (b) and (e) we can find that in the ASMC control system, when the values of the parameters variations 1  and 2  are less than 0.2sin( ) t , the control system has a good tracking performance; however, when the simultaneous addition of the parameter variations and external disturbances, the control system has a poor tracking performance. Unfortunately, in Fig. 8 (c) and (f), it is discovered that in the SMC control system, whether it is to be added the smaller parameter variations, or at the same time to be added the smaller parameter variations and external disturbances, the tracking performances of the control system are poorer than AFSMC and ASMC. From the entire digital simulation process we also discover that the AFSMC control system have better robustness and adaptability in presence of the larger parameter variations and external disturbances, while the ASMC and SMC control systems can also have a good tracking performance at smaller parameter variations or external disturbances. However, the ASMC and SMC control systems will appear the chattering phenomenon or even divergence phenomenon when the parameter variations and external disturbances are larger. All the numerical simulation results of the AFSMC, ASMC and SMC systems of the square waves are shown in the Fig. 9 . The subfigures (a)-(c) are the simulation results under the occurrence of the parameter variations case, the subfigures (e)-(f) are the simulation results under the occurrence of the parameter variations and external disturbances case. Through analysis we can obtain that the performances of the AFSMC, ASMC and SMC systems of the square waves and sine waves are the same when added the same parameter variations and external disturbances.
From the above simulation results, we can obtain that the DEAP actuator system has different tracking performance under the AFSMC, ASMC and SMC controller when the parameter variations and external disturbances: In terms of response speed, the response speed of AFSMC is faster than the other two control methods, regardless of the system is to be added parameters variation, or both added parameter variations and external disturbances at the same time. In the field of tracking control, the AFSMC system can achieve good stabilizing and tracking performance, and tracking accuracy and dynamic performance are better than the other two control methods.
In order to evaluate the tracking performance of the three control algorithms, the normalized mean square error (NMSE) value is quantitatively analyzed, and the results are shown in Table 1 and Table 2 . The above two tables are the NMSE values of the AFSMC, ASMC and SMC three control methods under the two cases: the parameter variations and the simultaneous addition of parameter variations and external disturbances. According to the numerical NMSE values in Tab.1 and Tab.2, we can find that the NMSE values of the AFSMC are less than that of ASMC and SMC, and then it is concluded that the tracking performance of AFSMC has more position-tracking improvements than that of ASMC and SMC.
Through the above charts available analysis and comparison, the response speed and tracking performance of the AFSMC system are obviously better than the ASMC and SMC control systems when added the parameter variations. According to the experimental results, we find that adding parameter variations and external disturbances at the same time, the dynamic performance, robustness and tracking performance of the AFSMC control system are better than the other two control systems.
CONCLUSIONS
In this paper successfully proves that the adaptive fuzzy sliding mode control method can make the DEAP actuator system have better tracking and robust performance in the case of parameter variations and external disturbances. An inverse compensation operator of Prandtl-Ishlinskii model is used to mitigate the hysteresis effect of the DEAP actuator system. The adaptive laws are designed to ensure the global stability of the system. The design of sliding surface ensures that the system has good robust performance. A fuzzy logic system is applied to approximate the equivalent controller. By comparing with ASMC and SMC control methods, it is obvious that the AFSMC control method has better tracking speed and tracking performance of the DEAP actuator system under the external disturbances and parameter variations cases. If there is an external load, this control method may not guarantee the stabilization and good tracking performance of the global DEAP actuator system. Thus, the future research is to improve the driving function of the DEAP flexible actuator under an external load.
